INTRODUCTION
Clinical success of poly (ADP-ribose) polymerase PARP inhibitors in BRCA-deficient cancers has triggered immense interest in identifying new synthetic lethal (SL) partners that could be exploited as drug targets for cancer therapy (Lord and Ashworth, 2017) . In a Saccharomyces cerevisiae genetic screen to uncover SL interactions between tumor suppressor genes and drug targets, SGS1, which encodes the only S. cerevisiae RecQ helicase, was found to interact with several genes whose products Mus81, Rad17, Ubc9, Srs2, Mre11, Rad24, and TOP3 are heavily involved in DNA damage repair (DDR) (Srivas et al., 2016) . An earlier SL screen with Sgs1 identified the SLX (synthetic lethal) gene family and other gene products that are important for DDR processes (Mullen et al., 2001) . Unlike S. cerevisiae, there are five human RecQ helicases: BLM, WRN, RECQL, RECQL4, and RECQ5; BLM is considered the human ortholog of Sgs1 (Lillard-Wetherell et al., 2005) . BLM was proposed to be SL with cell cycle regulators that are activated following DDR, checkpoint kinases 1 and 2 (Srivas et al., 2016) .
RecQ helicases are ATP-dependent enzymes capable of unwinding a variety of DNA structures that are involved in DNA replication and recombination reactions (Wu et al., 2000) . RecQ helicases contain signature motifs conserved in DNA and RNA helicases that have significant homology within the E. coli RecQ helicase domain (Wu et al., 2000) . BLM and WRN enzymes are known to process G4 quadruplexes, Holliday junctions, forked DNA, and bubble DNA in addition to simple duplex DNA with single-stranded DNA (ssDNA) overhang structures. All these enzymes catalyze unwinding of DNA structures with a 3 0 -to-5 0 directionality while also tracking on ssDNA, 3 0 -to-5' (Wu et al., 2000) . In addition to the helicase function mediated through the C-terminal domain, WRN is the only RecQ helicase known to possess 3 0 -to-5 0 exonuclease activity (Croteau et al., 2014) .
Germline mutations in BLM, WRN, and RECQL4 are responsible for Bloom syndrome, Werner syndrome (WS), and Rothmund-Thomson and RAPADILINO syndromes, respectively (Karow et al., 2000) . These syndromes are characterized by spontaneous chromosome instability, increased frequency of sister chromatid exchange (BLM), predisposition to cancer, and premature aging (WRN), phenotypes that highlight the important roles these enzymes play in DNA replication and DDR pathways (Karow et al., 2000) . These three enzymes are also involved in resolution of stalled replication and transcription intermediates. RecQ helicase-mutated syndromes overlap but are also distinct symptomatically, when their expression is altered or lost. This suggests that they may have overlapping and distinct functions depending upon the timing and site of expression in cells as well as their interactions with other DNA replication and repair proteins and post-translational modifications. Given the established roles of the RecQ helicases in DNA replication and repair, we set out to identify SL partners using a candidate gene approach. We focused on BLM, due to its close homology to yeast Sgs1, and on WRN because of its unique exonuclease domain. SL interactions of BLM and WRN were evaluated by measuring cell viability after simultaneous loss of (via CRISPR-Cas9 knockout [KO] ) or decrease in (via small interfering RNA [siRNA] ) BLM or WRN and potential SL partners involved in the DDR pathways. In addition, we used small-molecule inhibitors to evaluate potential SL interactions.
WRN and MLH1 co-depletion by RNAi exhibited a significant combination effect on decreasing the viability of cells. MLH1 is a mismatch repair (MMR) protein that senses DNA mismatches during the replication phase of the cell cycle. Expression of MLH1 and other MMR proteins can be decreased, either through loss-of-function mutations or by promoter hypermethylation. MMR-deficient cells and tumors display high microsatellite instability (MSI-H) . In this study, we report that MSI-H cells depend on WRN for their survival and that inhibiting WRN helicase activity may represent a unique therapeutic strategy for patients with cancer with MSI-H tumors.
RESULTS

Dual siRNA Knockdown of WRN and MLH1 Decreases Cell Proliferation
BLM participates in homologous recombination-dependent (HR) repair, whereas it is thought that WRN participates in both HR and non-homologous end joining (NHEJ). In addition, it has been postulated that BLM is synthetic lethal with CHEK1 and CHEK2 based on simultaneous low BLM and CHEK1/2 expression in samples from patients with superior clinical outcomes (Srivas et al., 2016) . We set out not only to test the BLM and CHEK SL interactions but also to test if the SL interaction is specific to BLM or if this extends to WRN. In addition, we tested other potential SL interactions with clinically relevant DDR genes ( Figure S1 and Table S1 ). The following three experimental approaches were employed: (1) inhibiting PARP1/2, ATM, CHEK1, CHEK1/2, and DNAPK activities in isogenic HAP1 cell lines mutant or wild-type (WT) for BLM or WRN; (2) transfecting HAP1 parental and WRN/BLM KO cells with siRNAs of potential SL partners or transfecting WRN and BLM siRNAs into HAP1 KO cells of potential SL partners; and (3) dual siRNA experiments that involve transfecting siRNAs individually or as pairs in the non-small-cell lung cancer cell line, A549.
The HAP1 isogenic pair data are summarized in Table S1 . For most pairwise perturbations, there was no effect on cell proliferation when the expression of BLM or WRN and a potential SL partner was deleted or decreased. Another outcome was that the result observed was context dependent. For example, PARP inhibition was synergistic in both HAP1 BLM and WRN KO cells compared with the parental but not when BLM and WRN were knocked down in another cell line (Hs578T) followed by treatment with PARP inhibitors, indicating cellular context dependency. The third and sought outcome, we observed only when WRN and MLH1 expression was reduced, leading to a significant reduction in proliferation of A549 cells ( Figure 1A ). Three siRNAs targeting MLH1 showed efficient knockdown (KD) of MLH1 transcript and protein as did the BLM and WRN siRNA on BLM and WRN expression, respectively (Figures S2A and 2B) . The interaction between WRN and MLH1 consistently exhibited a greater than additive effect (Figure 1A) based upon excess over Bliss score analysis (Greco et al., 1995) . This synergy was specific to WRN as dual KD of BLM and MLH1 did not exhibit a significant effect on cell proliferation ( Figure 1A ).
Defects in several MMR genes are associated with hereditary non-polyposis colon cancer (HNPCC) or Lynch syndrome, which are characterized by microsatellite instability. Mutations of PMS1, MLH1, and MSH2 have been implicated in HNPCC (Lynch and Lynch, 2000) . During MMR, MSH2 exists in a complex with MSH6 and MLH1 exists in a complex with PMS2. When MSH2 or MLH1 expression is reduced, MSH6 and PMS2 are destabilized suggesting that MSH2 and MLH1 are core components of the protein complexes that detect DNA mismatches. Dual KD of WRN and the other genes involved in mismatch recognition pathways, MSH2, PMS1, and PMS2, did not phenocopy the synergy observed in WRN and MLH1 dual KD ( Figure S3 ). These results imply that, at least in studies using transient RNAi-mediated mRNA KD and short-term proliferation assays, WRN is synthetically lethal with MLH1 but not the other proteins of MMR core complexes.
MMR-Deficient Cell Lines Are Sensitive to WRN Knockdown
To understand the WRN and MLH1 SL interaction in the broader context of MMR-deficient/MSI-H colorectal cancer, we tested WRN dependency in MMR-deficient cells that exhibit MSI-H versus MMR-proficient cells that are microsatellite stable (MSS) ( Figure 1B ). Interestingly, we found that all five MSI-H cell lines tested were sensitive to WRN KD in 7-or 10-day viability assays. The loss in proliferation with WRN siRNA was comparable to that of a pan-essential gene, KIF11. In contrast, MSS cell lines were insensitive to WRN KD. Efficient KD was confirmed using RT-PCR ( Figure S2C ). This observation was supported by results from two large-scale dropout screens in which WRN was found to be essential in MMR-deficient/MSI-H cell lines derived from cancers of the large intestine, endometrium, and stomach (McDonald et al., 2017; Tsherniak et al., 2017) . None of the other four human RECQ helicases tested in these screens showed this MSI SL interaction, thus it is unique to WRN. Notably, WRN was essential in LoVo, an MSI-H cell line that harbors loss-offunction mutation in MSH2 and retains the WT MLH1. This suggests that WRN is broadly SL with a defect in MMR or the downstream MSI phenotype, not just MLH1. However, this result contradicts the dual siRNA experiments wherein MSH2 was not SL with WRN ( Figure S3A ). One explanation for the lack of synergy is that transient siRNA KD, in some cases, may not be sufficient when probing SL interactions with phenotypes that only emerge after extended reduction of protein levels.
Requirement for the structure-specific flap endonuclease, FEN1, was recently reported in MSI-H cell lines (Ward et al., 2017) . Further investigation demonstrated that this was likely due to an SL relationship between FEN1 and MRE11, a protein that is frequently compromised in MSI-H cell lines because of one or two deleted thymidine residues of a poly T tract that resides in intron 4. Because all MMR-deficient, MSI-H cell lines sensitive to WRN KD also harbor homozygous mutations in MRE11 ( Figure 1B ) we tested whether loss of MRE11 is in fact the driver of the SL interaction with WRN. An MSI-H cell line wherein MSH6 is lost, DLD-1, has one WT copy of MRE11, resulting in normal protein levels and function. DLD-1 cells are insensitive to WRN KD alone, and knocking down MRE11 did not sensitize DLD-1 cells to WRN loss ( Figure S4 ). Furthermore, re-expressing MRE11 in WRN-sensitive MSI cell lines ( Figure S5B ) did not rescue the WRN siRNA phenotype ( Figure S5C ), suggesting that loss of MRE11 function is not responsible for the strict WRN dependency in MSI-H cell lines.
To further elucidate the mechanism by which reduction of MLH1 results in dependency on WRN, we also reexpressed MLH1 in HCT116 and RKO cell lines. Surprisingly, MLH-1 expression did not rescue the WRN KD phenotype in MLH1 mutant cell lines. To demonstrate that MLH1 re-expression levels were sufficient to restore MMR function, we evaluated the sensitivity of these cells to 6-thioguanine (6-TG). MMR-proficient cells are sensitive, whereas MMR-deficient cells are resistant to 6-TG (Yan et al., 2003) . RKO MLH1 re-expressing cells were more sensitive to 6-TG compared with RKO parental cells, indicative of MLH1-mediated functional rescue of MMR ( Figure S5D ). MLH1 KD increases telomeric sequence insertions intrachromosomally (Jia et al., 2017) and induces MSI (Bailis et al., 2013) , which may explain why we observe synthetic lethality when both WRN and MLH1 expression are decreased, but not when MLH1 is re-expressed, as the genomic alterations downstream of MLH1 loss are most likely irreversible. Alternatively, it is likely that restoration of MMR is partial as RKO cells possess frameshift mutations in other MMR genes (MLH3 and MSH6) that result in the deletion of their carboxy-terminal domains (Barretina et al., 2012) . Notably, MMR and MSI are rescued in HCT116 cells only when both MLH1 and MSH3 expression are restored via chromosomal transfer (Haugen et al., 2008) . Taken together, these data indicate that the cellular dependency of WRN in cells with MSI is not readily rescued by acute reconstitution of only MLH1 function.
WRN Helicase Domain Rescues WRN Knockdown Phenotype in MSI Cells
WRN is the only human RecQ family enzyme that has both a helicase activity and an exonuclease activity, and these activities arise from two different domains in the protein. WS is caused by mutations in WRN that typically result in complete loss of function of both domain activities. However, the characterization of one non-pathogenic human WRN variant, R834C, demonstrated a 90% loss of helicase activity but no loss of exonuclease function, suggesting that the intact exonuclease function is sufficient to prevent WRN syndrome (Kamath-Loeb et al., 2017) . We set out to determine which domain is required for the WRN MSI SL interaction to define a small-molecule therapeutic targeting strategy. We generated cell lines constitutively expressing siRNA-resistant WT, exonuclease-dead (E84A), helicase-dead (K577R), and enzymatically dead (E84A/K577R) WRN proteins. The loss of enzymatic activity with these WRN mutations has been previously characterized. It is important to note that the two enzymatic activities of WRN were effectively decoupled from one another to provide an unbiased assessment of the domain specificity of WRN MSI SL interaction. ATPase activity and unwinding activity of helicases are tightly coupled, and hence by mutating K577 of the Walker A domain of WRN involved in ATP binding and hydrolysis, the unwinding activity is completely abolished (Iannascoli et al., 2015) . This generated a mutant that is completely devoid of helicase activity without perturbing the nuclease activity. We transfected the cells with siRNA targeting the 5 0 untranslated region (UTR) to target endogenous WRN or in exon 8 (to target endogenous and exogenously expressed WRN mRNA) ( Figure 2A ). An siRNA-resistant pool of WRN was detected by western blot using the 5 0 UTR siRNA demonstrating discriminatory WRN KD as designed (Figures 2B and S6A) .
KD with both WRN siRNAs decreased the proliferation of the negative control cell lines (''empty''). We observed partial to almost complete rescue with WT and exonuclease-dead WRN in cells transfected with the 5 0 UTR siRNA ( Figure 2C ). In contrast, the helicase-dead and enzymatically dead WRN did not rescue the loss of proliferation observed with the 5 0 UTR siRNA. We also found that WRN KD increased the relative activity of caspases 3 and 7 in HCT116 cells, consistent with the loss of viability being at least in part through apoptosis ( Figure 2C ). Consistent with the rescue of proliferation, exogenous WT and exonuclease-dead WRN, and not helicase-dead mutants, rescued the increase in caspase activity in cells transfected with the 5 0 UTR siRNA. These results indicate that loss of helicase activity, and not the exonuclease activity of WRN, drives the SL interaction between WRN and MSI.
WRN Knockdown Increases DSB and Alters the Cell Cycle of MSI Cells
To understand the mechanism by which WRN KD causes loss of viability in MSI-H cells, we harvested cells 24, 48, and 72 h after siRNA transfection and monitored DNA double-strand breaks and the G1 to S checkpoint by immunodetection of gH2AX and p21, respectively (Figure 3 ). Compared with control siRNA, HCT116 ( Figure 3A ) and RKO ( Figure S6A ) cells transfected with WRN siRNA showed greater number of positive staining cells for both gH2AX and p21. Consistent with the lack of viability effects, SW620 (MSS) cells did not show a change in gH2AX levels upon WRN KD ( Figure S6 ). p21 immunoreactivity was not detected in SW620 cells, the only cell line among the three tested that carries mutant TP53. p21 is a p53 target gene, and thus functional p53 might be required for WRN KD-induced p21 expression. Interestingly, most MSI-H cell lines except DLD-1 cells are WT for TP53, whereas MSS cell lines are mostly mutant for TP53 (Ahmed et al., 2013) . However, examination of a larger panel of cell lines (Cancer Dependency Map portal) shows that MSI-H cells are sensitive to WRN KD or KO regardless of TP53 mutation status (Tsherniak et al., 2017) .
The increase in p21 levels following WRN loss in MSI cells led us to measure cell cycle changes in these cells. Flow cytometry analyses revealed a decrease in number of cells in S-phase, consistent with elevated levels of p21. We also observed a decrease in cells in M-phase and with 2N DNA and an increase in cells with 4N DNA ( Figures 3C and S6B ). An increase in cells with 4N DNA content can be due to G2 phase arrest, mitotic arrest, or mitotic slippage (Brito and Rieder, 2006) . The decrease in phosphohistone H3-positive cells (Figure 3C ) is not consistent with mitotic arrest, and the observation of high p21 levels favors the hypothesis that the cells have undergone mitotic slippage, exit of the mitotic state without completing mitosis, or cytokinesis resulting in entry into G1 with 4N DNA content.
DISCUSSION
RecQ helicases are involved in genome maintenance by playing key roles in DNA replication, recombination, and damage repair (Croteau et al., 2014) . Exploiting human RecQ helicases as drug targets in cancers defective in DDR pathways is an attractive therapeutic strategy. Recent reports on inhibition of human BLM and WRN helicases suggest helicase-targeted therapy as viable approaches for smallmolecule-mediated inhibition in the context of loss of synthetic lethal partner (Aggarwal et al., 2011 (Aggarwal et al., , 2013a (Aggarwal et al., , 2013b Banerjee et al., 2013; Nguyen et al., 2013 Domain-specific rescue experiments demonstrated that loss of WRN helicase activity, and not the exonuclease activity, is the driver of the SL interaction between WRN and MSI. It has been hypothesized that the helicase unwinds the duplex DNA and feeds the ssDNA to the nuclease-active site, which then exonucleolytically cleaves the DNA thereby improving the processivity of the helicase domain (Iannascoli et al., 2015) . This has been supported by Replication Protein A (RPA) sequestering ssDNA generated by the helicase and increasing the processivity of WRN helicase (Lee et al., 2018) . However, domain-specific rescue experiments indicate that the nuclease activity alone is insufficient to provide necessary WRN function to support growth and survival in MSI-H cancer cells, whereas the helicase domain can.
The involvement of WRN or other RecQ helicases in MMR pathways is not well understood. It has been proposed that WRN plays a role in an EXO1-independent pathway of mismatch repair in MSI-H cells (Kadyrov et al., 2006) . DNA unwinding and Holliday junction remodeling activities of WRN would be able to directly remove the mismatch-containing fragment (Kadyrov et al., 2006) . Mismatch-containing strand can be processed using the unwinding activities of WRN along with other MMR proteins, whereas in the EXO1-dependent pathway, the displaced strand would be degraded completely without a dependence on the helicase. In this model, MMR-deficient MSI-H cell lines in the absence of WRN would retain mismatched DNA, nicked DNA, as well as other non-canonical structures, which eventually generate DSB that accumulate leading to apoptosis.
We propose the following model to explain the WRN MSI interaction (Figure 4) . In contrast to MSS cells, MSI cells have more non-canonical secondary DNA structures, such as single-stranded DNA loops and G4 quadruplexes. These can arise because of microsatellite repeats with CNC triplets, the G-quadruplex consensus sequence, or increased intrachromosomal telomere sequence insertions. WRN is among a small group of helicases that can effectively resolve G4 quadruplexes and has a higher affinity for diverse noncanonical DNA structures compared with BLM (Karow et al., 2000) . We propose that in MSI-H cells, WRN is required to resolve non-canonical DNA structures generated from repeat sequences but not repaired by MMR proteins, either because of the increased number of structures or because WRN can resolve a larger array of DNA structures than BLM and the other RecQ helicases. MSI cells also show a decrease in homologous recombination (Mohindra et al., 2002) . Considering WRN's role in NHEJ, loss of WRN decreases NHEJ, further limiting the cell's ability to repair double-stranded DNA breaks. Unresolved DNA damage after S-phase can result in G2 arrest or cell death. In addition, MMR defects impair telomere maintenance and WRN depletion leads to increased telomere fusions. The combination could result in entry into mitosis with fused telomeres that cannot be separated, resulting in cytoplasmic bridges and a failure in cytokinesis.
Synthetic lethality has the potential of delivering a large therapeutic window because the target is only essential in the absence of its SL partner, thus sparing non-tumorigenic normal cells. SL interactions are clinically actionable if one partner is amenable to pharmacological inhibition and the other partner has sufficient prevalence in cancer such that patients can be readily identified for treatment. The SL interaction between WRN and MSI fulfills both these requirements because WRN helicase function is not essential in MSS cells (Aumailley et al., 2015; Kamath-Loeb et al., 2017; Lombard et al., 2000) and MSI is evident in many types of cancers (Bonneville et al., 2017) .
The anti-PD1 antibodies, pembrolizumab and nivolumab, were recently approved for use in patients with defects in MMR or MSI, independent of the tissue of origin. MSI occurs in multiple cancer types often when canonical MMR proteins are lost but can also occur when polymerase 3 is mutated (Billingsley et al., 2015) . Pembrolizumab exhibited 45% response rate in the targeted clinical population, and clinical response in these patients is thought to be a function of immunogenic, neo-antigen load that arises in MSI tumors. A WRN helicase inhibitor in combination with pembrolizumab has the potential to improve the rate and duration of response observed with pembrolizumab alone. WRN inhibition would directly target the tumor, whereas pembrolizumab stimulates the immune response against the tumor. The increased tumor cell death that we predict will arise by targeting WRN helicase in MSI tumors also has the potential to further stimulate the host immune response, mediating a cold to hot tumor phenotypic transition through an increased cGAS/STING-dependent type I interferon response. Our studies imply that a drug targeting the WRN helicase activity has potential as a monotherapy or in combination with immune checkpoint inhibitors, for patients bearing tumors with MSI.
Limitations of the Study
Although we propose a model (Figure 4) to explain, mechanistically, why MSI-H cells are dependent on WRN, we did not directly test the model. , there is an increase in non-canonical secondary structures creating a requirement for WRN for their resolution. When WRN expression is decreased, the replication machinery runs into the unresolved structures eventually leading to an increase in double-stranded breaks. Cells either arrest in G2 or proceed into mitosis with DNA damage. The latter cells fail to complete cytokinesis leading to G1 arrest or apoptosis. Table S1 . Summary of genes tested, experiments carried out and results from a candidate approach mini-screen used to identify BLM and WRN synthetic lethal interactions. Related to Fig. 1 . 
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Proliferation assays Cells were infected with NucLight Red lentivirus (Essen Biosciences; 4476) to express a red fluorescent protein in the nucleus thus enabling live-cell counting. 50,000 cells were infected with the virus at an MOI of 0.5. To eliminate uninfected cells, cells were grown in media containing puromycin (2 µg/ml). NucLight Red cells were counted, transfected with siRNA and monitored for 4 d in an IncuCyte ZOOM instrument. To measure caspase activity, cells were split into media containing CellEvent reagent diluted 1:1000 (Invitrogen; C10423). For chemical inhibitor treatment, cells were seeded at 500 cells/well into a 96-well plate and treated the next day with inhibitors for 4 days. PARP, WEE1 and CHEK inhibitors were used at the following concentrations: 0.1, 0.5 and 1 µM. DNAPK and ATM inhibitors were used at the following concentrations: 1, 5 and 10 µM.
